Abstract. Raloxifene hydrochloride (R-HCl), a BCS class II drug, remains a mainstay in the prevention and pharmacologic therapy of osteoporosis. Its absolute bioavailability, however, is 2% due to poor solubility and extensive first pass metabolism. The present study describes two simultaneous approaches to improve its bioavailability, complexation of R-HCl with cyclodextrin(s), and formulation of mucoadhesive microspheres of the complex using different proportions of carbopol and HPMC. Microspheres were pale yellow in color, free-flowing, spherical, and porous in outline. The particle size ranged between 3 and 15 μm, and entrapment efficiency was found to be within 81.63% to 87.73%. A significant improvement in the solubility of R-HCl was observed, and it differed with the combination of excipients used. X-ray diffraction and differential scanning calorimetry studies revealed that enhancement in drug solubility was resulted due to a change in its crystallinity within the formulation. Microspheres possessed remarkable mucoadhesion and offered controlled drug release, lasting up to 24 h. They produced a sharp plasma concentration-time profile of R-HCl within 30 min postadministration to Wistar rats.
INTRODUCTION
Osteoporosis poses a significant health problem worldwide; a 50-year-old postmenopausal woman has a 40-50% risk of having osteoporotic fracture in her lifetime (1) . Lifestyle changes, weight-bearing exercise, calcium and vitamin D supplementation, and pharmacologic therapy are the general measures for the prevention of postmenopausal osteoporosis (2) . Anti-resorptives are the major pharmacologic agents for osteoporosis which inhibit the development and/or action of osteoclasts. They include bisphosphonates [selective estrogen receptor modulator (SERM)], hormone replacement therapy, and calcitonin. Raloxifene hydrochloride (R-HCl) is an FDAapproved SERM for the prevention and treatment of osteoporosis. It is a BCS class II drug, with slight aqueous solubility (627.4±132.0 μg ml −1 ; 3). Absolute bioavailability of R-HCl is 2% due to its poor water solubility and extensive first-pass metabolism. Also, it exhibits a high inter-subject variability (4, 5) . Various strategies have been reported to improve the solubility and bioavailability of R-HCl, such as lipid-based delivery systems (6) , inclusion complexes (7) , and co-grinding (6, 8) . Co-grinding suffers from the demerit of higher polymer consumption, whereas lipid-based carriers are often limited in terms of drug-to-lipid mass ratio, which interferes with their stability aspect (9) . Besides, they provide a mere two-to threefold enhancement in bioavailability (7) .
The present study describes two simultaneous approaches to improve the bioavailability of R-HCl. First, inclusion complex of R-HCl was prepared with cyclodextrin (CD) and then the complex was formulated as bioadhesive microspheres, using different proportions of carbopol (CP) and HPMC. Inclusion in CDs is a convenient alternative to improve the stability and solubility of poorly water soluble drugs (10) . Osmotic effect, induced by them, helps in pore formation and contributes to effective drug mobility within the hydrated matrix (11) . Moreover, microsphere formulation of the complexed drug would further enhance the solubility of drug, reduce the likelihood of dose dumping, minimize dose-related variations, and improve patient compliance (12) (13) (14) .
Carbopol has been widely used for the preparation of mucoadhesive drug delivery systems. It, however, swells excessively upon being exposed to pH above 6.0 (15) . Moreover, it causes irritation at the mucosal surface (16) . It was, therefore, combined with HPMC to optimize the mucoadhesion and swelling characteristics of microspheres and simultaneously, reduce its irritancy (17, 18) . As of the date, no such combination has been reported for mucoadhesive microspheres of R-HCl.
MATERIALS AND METHODS

Materials
R-HCl was received as a gift sample from Dr. Reddys Lab, Hyderabad, India. CD derivatives (β, γ, and hydroxypropyl-β) and HPMC K15M were kindly gifted by Lupin Research Park, Pune, India. Carbopol 974, heparin, acetonitrile, and fluorescein sodium (FS) were purchased from Lobachemie Pvt. Ltd., Biologicals E Ltd., Merck Ltd., and Hi Media Ltd., Mumbai, respectively. All other chemicals and solvents were of analytical grade and used as received.
Methods
Phase Solubility and Equilibrium Solubility Studies
Complexation of R-HCl with various CD derivatives (α, β, hydroxypropyl-β, and γ) was studied by phase solubility study (19) . An excess amount of drug along with the appropriate amount of CD was added to 10 ml of tripledistilled water, and the suspension was subjected to magnetic stirring for 72 h at 37.0±1.0°C. Preliminary studies showed that equilibrium was reached after this stirring period. The suspension was then centrifuged (15,000 rpm/5 min), and the supernatant was analyzed spectrophotometrically for drug content at 285 nm (Shimandzu 7800, Tokyo, Japan).
Apparent solubility of R-HCl was determined as a function of added ligand concentration, i.e., CD (20) . Apparent solubility (or formation) constant, K a , was calculated using the following equation:
Inherent solubility (S o ) of R-HCl was determined in pure water under identical experimental conditions. Equilibrium solubility in different solvents was also determined by the same method.
Drug-Polymer Compatibility Studies
FT-IR spectra of the samples were recorded by FT-IR spectrophotometer (Schimadzu, Model 8400, Japan). Samples were prepared by grinding with anhydrous KBr powder and compressing them to form pellets. They were subsequently observed over the range of 4,000-400 cm −1 with a resolution of 4 cm −1 up to 50 scans.
Differential Scanning Calorimetry and X-ray Diffraction Studies
Solid state interaction of physical mixture of drug and excipients was studied using differential scanning calorimetry (DSC) and X-ray diffraction (X-RD). DSC thermogram was recorded by scanning the sample in a hermetic pan made of aluminum, at a heating rate of 10°C/min over the range of 25- 300°C. An empty aluminum pan was used as reference (DU-PONT, Model 9900, USA). Heating was performed under nitrogen atmosphere at a flow rate of 50 ml/min. X-RD pattern was traced using Ni-filtered Cu-K radiation at a voltage of 40 kV and a current of 20 mA (Rigaku Powder X-ray Diffractometer, Japan). The sample was gently compressed into sample holder, and the powder surface was smoothed with a flat perspex block. Radiations scattered by sample(s) in the crystalline region were recorded. Diffraction patterns were obtained using a step width of 0.04°with a detector resolution in 2θ (diffraction angle) of 10-70°at a scan rate of 1.0°/s.
Formulation of Mucoadhesive Microspheres of R-HCl
Microspheres, composed of different combination of excipients and drug (Table I) , were prepared by spray drying of polymeric dispersion with a standard 0.5-mm nozzle. Liquid dispersions, containing a solid feed concentration of 2.5% w/v, were fed to the nozzle with a peristaltic pump, atomized and blown together with hot air to the chamber wherein solvent was evaporated and dried product was collected. For all the batches, experimental conditions were selected as follows: ethanol-water (4: 1) as solvent system, feed concentration of 2.5% w/v, inlet air temperature of 110°C, outlet air temperature of 51°C, pump setting of 12 ml/min, and 2 atm pressure.
Characterization of the Prepared Microspheres
Particle size and size distribution of the microspheres were estimated by laser particle size analyzer, containing helium-neon laser of wavelength 632.8 nm and radiant power 5 mW (Akesmind 4800S, Japan). Relative frequency of diameter of particles was obtained by calculations based on volume distribution. Particle size at 10% (D 10 ), 50% (D 50 ), and 97% (D 97 ) of total fraction was obtained. Particle size at 97% of total fraction was reported. Shape and surface morphology of the prepared microspheres were observed by field emission scanning electron microscope (S-4700, Hitachi, Japan). The sample was mounted onto an aluminum stub and sputter coated for 120 s with platinum particles in an argon atmosphere.
Percentage Yield and Entrapment Efficiency
For determination of entrapment efficiency (EE), a weighed amount of formulation was added to a 100-ml phosphate buffer (pH 6.8) containing 0.5% v/v polysorbate 80. The sample was solubilized under magnetic stirring for 24 h at room temperature (RT), following which it was centrifuged (15,000 rpm/5 min) and filtered through a 0.45-μm pore size filter. The filtrate was then diluted with the same solvent, and the drug was quantified. The following equations were used:
% yield ¼ Amount of microspheres produced Â 100 Total amount of drug and additives ð2Þ % EE ¼ Actual amount of drug ðmgÞ in microsphere Â 100 Theoretical amount of drug ðmgÞ in microsphere ð3Þ
In Vitro and In Vivo Mucoadhesion Studies
Excised mucosa of stomach and duodenal region of Wistar rats were used for in vitro mucoadhesion studies. Microspheres equivalent to 5 mg drug were placed on mucosal surface, the latter being fixed over a glass plate. The assembly was maintained at RT and 70% relative humidity (RH). The plate was inclined at 45°, and tissues were thoroughly washed with buffer solution using a peristaltic pump operating at the rate of 10 ml/min for 2 min (21) . Drug concentration in the perfusate was determined using UV spectrophotometry. Microsphere amount corresponding to the drug amount in perfusate was calculated. Adhered microsphere amount was estimated from the difference between the initial amount and the amount in perfusate. Percent mucoadhesion was calculated using the formula: % mucoadhesion ¼ Amount of microspheres adhered Â 100 Total amount of microspheres applied initially
In vivo mucoadhesion was evaluated in Wistar rats using a modified fluorescence-labeled method (22) . Fluorescence labeling was performed by incorporating FS into the formulation. Animals were fasted overnight with water ad libitum and then randomly divided into two groups (n=6). Group 1 was orally administered with blank microspheres, whereas group 2 was given the equivalent amount of formulation incorporated with FS. At specified time intervals (2, 3, and 4 h), animals were sacrificed; stomach and small intestine were removed, cut into segments, and homogenized separately. After being subjected to centrifugation (15,000 rpm/15 min), fluorescence of each sample was measured in a spectrofluorimeter at excitation and emission wavelengths of 485 and 520 nm, respectively (Shimadzu RF-1501, Tokyo, Japan). The amount of microspheres adhering to the mucosal surface was calculated by extrapolating these values to the calibration curve of FS. Percentage mucoadhesion onto different segments was calculated.
In Vitro Drug Release Study
The formulation equivalent to 5 mg drug was placed in dialysis bag (Sigma Aldrich, molecular weight 12,000 Da), and it was secured along the paddle of dissolution apparatus with the help of a rubber band. The study was performed in 900 ml release media, maintained at 37±0.5°C and stirred at 75 rpm (USP-XXIV, Campbell Electronics, Mumbai, India). With a viewpoint to mimic the fate of drug in the body, three dissolution media were used: acidic buffer (pH 1.2) for the first 2 h, acetate buffer (pH 4.5) for the next 2 h, and phosphate buffer (pH 6.8) for rest of the study period. Polysorbate 80 (0.5% v/v) was used in each case to maintain sink condition. Five-milliliter aliquots were withdrawn at prespecified time intervals and were immediately replenished with the same volume of fresh media. The drug was quantified spectrophotometrically at 285 nm.
Pharmacokinetic Studies
A series of standard solutions of R-HCl were prepared in methanol in the range of 0.050-200 μg/ml. Standard calibration samples were prepared by adding 100 μl standard solution of drug and 300 μl acetonitrile to 100 μl of blank plasma. Final standard R-HCl concentrations in plasma were 0.010-40.0 μg/ml. Sample extraction was performed by adding 50 μl of methanol and 200 μl of acetonitrile to the mixture Fig. 1 . Phase solubility studies of R-HCl with different cyclodextrin derivatives (23) . The resulting solution was vortex mixed for 10 s and then centrifuged (15,000 rpm/10 min). Twenty microliters of the filtered (0.22 μm pore size) supernatant was injected to HPLC system (Cecil CE4201, Cambridge, UK), equipped with C-18 column (Phonomenex, 250×4.60 mm, particles size 5 μm) and UV visible detector.
The separation of R-HCl from endogenous substances was optimized by using 50% v/v acetonitrile with 0.05 M ammonium acetate as mobile phase, adjusted to pH 4.0 using acetic acid (23) . Precision and accuracy of the method were evaluated by adding quality control samples (0.2, 0.8, and 5.0 μg/ml) to the blank plasma. Extraction efficiency was calculated by comparing the mean peak height of three extracted plasma samples with those of the three nonextracted standard solutions of the same concentration. Linearity, limit of quantification, and inter-day and intra-day variability were also calculated.
In vivo pharmacokinetic study was conducted in Wistar rats (of either sex) as per the protocol approved by the Institutional Animal Ethical Committee, Banaras Hindu University (Approval Number Dean/10-11/162). Animals were provided free access to tap water and standard pelleted diet. They were housed in cage and maintained on a 12-h light/dark cycle at RT and RH of 45-55%. They were acclimatized to laboratory conditions for 1 week prior to dosing (6) . Animals were divided into two groups (n= 6), fasted 10 h prior to dose administration and for 4 h post-dose with free access to water. Equivalent oral dose of the test (optimized batch F4) and reference samples (5 mg/kg free base) were dispersed in 0.3% carboxymethyl cellulose and administered to the animal using an oral feeding canula. Serial blood samples (0.3 ml) were withdrawn from the retro-orbital plexus under mild ether anesthesia and collected in labeled tubes containing 50 microunits of heparin. The following time intervals were used: pre-dose, 0.25, 0.5, 1, 1.5, 2, 4, 8, 12, and 24 h post-dose. Blood samples were centrifuged immediately; plasma was transferred to the individual Eppendorf tubes and stored below −70°C until extraction. After extraction, the samples were analyzed by the above stated standardized HPLC method.
The estimation of pharmacokinetic parameters was performed using Kinetica 5.0 software. Maximum plasma concentration (C max ), time to achieve maximum plasma concentration (T max ), and mean residence time (MRT) were calculated. Area under plasma concentration-time curve [AUC] 0-24 was determined by trapezoidal method till last measurement point and was extrapolated to infinity [AUC] 0-∞ . 
RESULTS AND DISCUSSION
Solubility Studies
R-HCl showed a linear increase in solubility as the concentration of CD was increased. The linearity corresponded to A L -type of curve with slope value <1, signifying that complexation took place in stoichiometric ratio of 1:1 (20, 24) . Apparent complexation constant (K a ) was found to be 1,438.3±141.2 M −1 for β-CD, 3,311.2±126.5 M −1 for γ-CD, 3,430.6±101.8 M −1 for HP-β-CD, and 3,556.6 M −1 for γ-CD with 0.1% v/v HPMC. The maximum solubility and highest K a value were observed in HP-β-CD, whereas minimum corresponding values were observed for β-CD. Solubility and K a of γ-CD drug complex were comparable to those of HP-β-CD (Fig. 1a) . Incorporation of HPMC with γ-CD resulted into further enhancement in drug solubility (Fig. 1b) , whereas other derivatives did not provide significant enhancement of drug solubility in combination with HPMC (data not shown). γ-CD being less toxic than other derivatives (25) was, therefore, used as a complexing agent in the proposed formulation.
R-HCl showed pH-dependent solubility, an increase in solubility was observed when pH was increased from 1.2 to 4.5. However, drug solubility decreased with increase in pH beyond 4.5. Lowest solubility at pH 1.2 could be attributed to the common ion effect. Addition of polysorbate resulted into increased solubility at all pH values. Equilibrium solubility of all the formulations was found to be higher than the physical mixture of similar composition.
FT-IR Study
Interaction among drug and excipients results into shifting of functional group peaks in IR spectra. FT-IR spectra of R-HCl exhibited characteristic peaks at 1,643.41 (C=O stretching), 1,597.33 (-C-O-C-stretching), 1,464.02 (-S-benzothiofuron), and 908.57 cm −1 (benzene ring). They were well preserved in its physical mixture with excipients as well as in microsphere formulation (Fig. 2) . These results are indicative that no interaction occurred between drug and excipients.
DSC and X-RD Studies
R-HCl exhibited a single sharp melting endothermic peak at 269°C (Fig. 3(A) ). Drug-free microsphere showed a broad endothermic peak in the range from 25°C to 87°C, which may be because of endothermic relaxation of polymeric chain (8) . Thermograms indicated that polymers are amorphous and hydrated compounds (Fig. 3(B) ). Decrease in the intensity of melting endothermic peak (as evidenced by change in their enthalpies (ΔHm)) was observed for drugloaded microspheres than pure drug (Fig. 3(C) ). This is indicative of change in the crystallinity of drug upon incorporating it into the formulation. X-RD studies were performed in conjunction with DSC to verify the reduction of crystallinity of R-HCl within the formulation. Diffraction spectrum of drug sample showed distinct peaks at 2θ of 12.85°, 14.43°, 15.65°, 19.11°, 22.70°, and 25.7° (Fig. 4(a) ). All these peaks, though of relatively lesser intensity, were observed to be in the same position in its inclusion complex with γ-CD. However, a relative reduction of diffraction intensity was observed (Fig. 4(b) ). However, in case of drug-loaded microspheres, a drastic reduction in the peak intensity and number of peaks was observed, which is indicative of change in the crystallinity of drug (Fig. 4(c) ). It was thus concluded that the drug was converted from crystalline to amorphous state upon inclusion complex formation and incorporation of the complex into microsphere formulation (7, 26) .
Characterization of the Prepared Microspheres
Spray-dried microspheres were pale yellow in color and free-flowing. The yield value of different batches varied from 28% to 30%, which is fairly less. Poor yield could be attributed to the loss of smaller particles which could not be collected. Particle size (D 97 ) of all batches ranged between 3 and 15 μm (Table II) . Microspheres with greater diameters resulted upon increasing the proportion of carbopol which could be attributed to the increment in viscosity of feed dispersion imparted by it. Higher viscosity results into the formation of larger droplets (14) . Particle size of F4 and F5 was significantly smaller than the other batches (one-way ANOVA, p<0.05). This effect could be due to decrease in the viscosity of dispersion in presence of γ-CD. Hydrogen bonding of carbopol gets weakened in presence of CD molecules (27) . EE of all the batches ranged between 82% and 88%. The addition of γ-CD to carbopol-HPMC combination resulted up to 5% increment in EE (data not shown). However, no correlation between the ratio of carbopol to HPMC and EE was observed.
Microspheres possessed almost spherical shape (Fig. 5a ). Their surface was rough and some pores could be observed on it (Fig. 5b) . Pores would have formed during quick evaporation of solvent, and this might be advantageous as it would offer greater surface area for dissolution (28) and help in the penetration of solvent across the matrix. Keeping in view the amorphous nature of drug within the microsphere matrix, it could be anticipated to be in an easy dissolvable form throughout its transit in the gastrointestinal tract.
In Vitro and In Vivo Mucoadhesion Studies
Mucoadhesive behavior of CP is affected by factors such as pH and ionic strength (29) . At pH≤5.0, the lower degree of ionization of carboxyl groups results in less swelling of CP and consequently, its stronger interaction with polysaccharides present at the mucosal surface (30) . These effects were reflected in this study. A proportional increase in mucoadhesive strength of the formulation was observed with increase in the ratio CP to HPMC (CP/HPMC) up to 1. Mucoadhesion differed significantly among F1 to F4 batches for any possible combination. It, however, decreased to a significant level when the proportion of CP was increased beyond 1 (p<0.05, one-way ANOVA; Fig. 6a ). This could be due to the fact that hydration of CP would have outweighed its mucoadhesive force (16) . Further, except for batch F2, the percentage of microspheres retained in stomach was higher than those in the intestine.
In vivo mucoadhesion test, performed on batches F2, F3, and F4, correlated well with in vitro results (Fig. 6b) . After 4 h, about 60% of microspheres from batch F4 were found to be retained within the stomach. Batches F3 and F5 showed significantly lower mucoadhesion in both stomach and intestinal mucosa (p<0.05, one-way ANOVA). These results indicated that the microspheres constituted of CP and HPMC in the ratio of 1:1 underwent optimum hydration in vivo and therefore, were adhered to the stomach mucosa for extended period of time. This indeed is an advantageous effect since pH of stomach favors the solubility of R-HCl. Thus, the retention of formulation within stomach could possibly help in reducing the lag time of drug release.
In Vitro Drug Release R-HCl has the pK a values of 8.95, 9.83, and 10.91 (3), and it showed pH-dependent solubility. Formulations, however, did not exhibit pH-dependent in vitro dissolution behavior (data not shown). In vitro release from pure R-HCl powder was found to be only 5.14% during the first 2 h, and a total of 25.81% was released at the end of 24 h, suggesting a strong need of improving its dissolution rate. Complexation with γ-CD and formulating it as microspheres resulted into significant improvement in its dissolution rate. This agreed well to the previously reported findings (31, 32) .
CP and HPMC, both have tendency of quick hydration at the entire physiological pH range (18, 33) . Therefore, microspheres from different batches showed difference in their release rates (Fig. 7) . Batches F1 and F2 composed of CP/HPMC of 1:7 and 1:3, respectively, provided significantly lower drug release (p<0.05) in comparison to the other batches. HPMC in higher proportion results into swelling of microspheres which in turn increases the diffusional path length of drug molecules, thus lowering their release rate (16) . Likewise, batch F5 provided significantly lower drug release during the first 2 h, which demonstrated that CP/ HPMC>1 would result into profuse swelling of microspheres, thus reducing their release rate. Batch F3 provided a release pattern similar to that of F4, except for the first 3 h during which drug release from the former was significantly lower (p<0.05). Batch F4, containing CP and HPMC in equivalent proportion, afforded a fairly controlled release pattern for the entire study period and its release rate conformed best to the mucoadhesive performance. Its composition was, therefore, considered to be optimized, and it was selected for performing pharmacokinetic studies.
Pharmacokinetic Studies
R-HCl was found to be well separated under HPLC conditions used. Retention time was 3.32±0.013 min (n=6). No endogenous plasma components eluted at the retention time of drug. The limits of quantification and detection were 0.050 and 0.014 μg/ml, respectively. The calibration curve of drug in rat plasma was found to be linear (R 2 =0.9924) at concentrations ranging from 0.050 to 5.0 μg/ml. The extraction efficiencies were 85.2±16.1, 79.7±5.7, and 90.1±6.4 (n=3) at concentrations of 0.2, 0.8, and 5.0 μg/ml, respectively, which were indicative of little drug loss during extraction.
Microspheres produced a sharp plasma concentration-time profile of R-HCl within 30 min post-administration. C max of 358.44 ng/ml was observed at 2 h as against to 8 h provided by drug powder. More than fivefold increase in AUC and more than twofold increase in MRT were observed (Table III, Fig. 8 ).
Another study, conducted in Wistar-Hannover rats with raloxifene-hydroxybutenyl-β-CD complex, reported twofold increase in C max and threefold increase in AUC as compared to pure drug (7) . Thus, we concluded from our study that microsphere formulations could result into significant improvement in the bioavailability of R-HCl (one-way ANOVA, p<0.05), which may subsequently help in its dose reduction to a remarkable level.
CONCLUSION
Results of this study showed that mucoadhesive microspheres composed of inclusion complex of R-HCl with γ-CD could be a radical approach to improve the bioavailability of R-HCl. DSC and X-RD studies provided the evidence that enhancement in solubility of drug resulted due to the change in its crystallinity within the formulation. More than 60% of oral dose was retained up to 4 h in stomach which provided much favorable pH conditions for dissolution of drug. The release rate of R-HCl from the prepared microspheres was controlled and extended up to 24 h. A significant improvement in the value of T max , C max , AUC, and MRT was obtained, which is indicative of improved absorption, higher bioavailability, and sustained effect of drug. The formulation could help in dose reduction of R-HCl to a remarkable level. However, it can be ascertained only after the clinical evaluation of the developed formulation.
